Sealed membrane vesicles of Acholeplasma laidlawii were obtained by controlled lysis of carotenoid-rich intact ceils. An imposed A pH was created by loading membrane vesicles or intact Acholeplasma laidlawii cells with 0.25 M NH4C1 and diluting them into 0.25 M choline chloride. The passive efflux of NH 3 from the membrane vesicles or cells resulted in the creation of a A pH (inside acid) that could be visualized by the quenching of the fluorescence of the weak base acridine orange. Whereas with isolated membrane vesicles, the fluorescence was dequenched by the addition of Na +, with intact cells, K + in addition to Na + was required. These results strongly suggest a Na+/H + exchange activity that in intact Acholeplasma laidlawii cells is K+-dependent. The possible role of the Na+/H + exchange activity in pH homeostasis at the more alkaline pH range, as well as in the extrusion of excess Na + from the cells is discussed.
SUMMARY
Sealed membrane vesicles of Acholeplasma laidlawii were obtained by controlled lysis of carotenoid-rich intact ceils. An imposed A pH was created by loading membrane vesicles or intact Acholeplasma laidlawii cells with 0.25 M NH4C1 and diluting them into 0.25 M choline chloride. The passive efflux of NH 3 from the membrane vesicles or cells resulted in the creation of a A pH (inside acid) that could be visualized by the quenching of the fluorescence of the weak base acridine orange. Whereas with isolated membrane vesicles, the fluorescence was dequenched by the addition of Na +, with intact cells, K + in addition to Na + was required. These results strongly suggest a Na+/H + exchange activity that in intact Acholeplasma laidlawii cells is K+-dependent. The possible role of the Na+/H + exchange activity in pH homeostasis at the more alkaline pH range, as well as in the extrusion of excess Na + from the cells is discussed.
INTRODUCTION
Lacking a rigid cell wall [1] , mycoplasmas rely on active sodium extrusion mechanisms to regulate their cell volume [2] . Jinks et al. [3] observed that when Acholeplasma laidlawii B cells are incubated in isoosmotic NaC1 solution, the cells swell and lyse. Lysis was not observed in the presence of an energy source but was enhanced by the further addition of ATPase inhibitors, leading to the conclusion that an ATPase is playing a central role in Na + extrusion. Further experiments showed that A. laidlawii B possesses a membrane bound Na+-dependent ATPase activity [4] . It was suggested, therefore, that this enzyme is acting as a primary Na + pump [5] . In M. gallisepticum a proton-ATPase was described in the cell membrane [6] , and recently, proton-ATPases were identified in all Mycoplasma, Acholeplasma and Spiroplasma species tested [7] . As a result, the possibility that osmotic balance of mycoplasmas is maintained by the activity of a proton-ATPase and a secondary Na+/H + exchanger, rather than by the Na+-dependent ATPase, was brought up [2, 8] . We described in A. laidlawii, a Na+/H + exchange activity and discuss the role of this process in the volume regulatory mechanism.
MATERIALS AND METHODS

Organisms and growth conditions
Acholeplasma laidlawii (strain OR) or Mycoplasma gallesepticum (A5969) were grown in 250 ml volumes of a modified Edward medium [9] supplemented with 4% horse serum and 0.5% glucose and adjusted to pH 8.5. In some experiments, Na-acetate or Na-propionate (each to a final concentration of 0.5%) were added to the growth medium. The medium was inoculated with a 1% culture and incubated vertically at 37 ° C. Growth was followed by measuring the absorbance at 640 nm. Cells were harvested by centrifugation at 12000 × g for 10 min, washed once and resuspended in either 0.25 M NaC1 in 10 mM Tris-HC1 buffer adjusted to pH 7.5 or in 0.2 M glycylglycine in 50 mM Tris base (final pH = 7.5, to be referred ~to as GT buffer). Protein was determined by the method of Lowry et al. [10] .
Preparation of membrane vesicles
Washed cells (10 mg cell protein per ml) in GT buffer were incubated in 1 M glycerol at 37 ° C for 10 min. The cells were then slowly (1 ml per min) added to a 100-fold volume of a 1 : 20 dilution of the GT buffer preheated to 37°C and incubated at 37°C for 15 min. Unbroken cells were then removed by centrifugation at 4000 × g for 5 min and membrane vesicles were collected by centrifugation at 34000 × g for 40 min. The membrane vesicles were washed once in the diluted GT buffer and kept in the cold until used. To determine whether membrane vesicles were intact, vesicles were prepared in the presence of radiolabled solutes (carrier-free 14C-labeled glucose or sucrose). The membrane vesicles were separated from untrapped solute by passing 100/d samples through Sephadex G-50 in 1 ml tuberculin syringes as previously described [11] .
Determination of intraeellular volume, ApH and A ~
To determine intracellular volume, cells or sealed membrane vesicles were incubated in 2.4 ml of a solution containing 250 mM NaC1, 25 mM Tris Mops buffer adjusted to the appropriate pH values, 3H20-labeled water (4.3 /~Ci/ml), [14C]-polyethylene glycol (PEG, 0.1 /~Ci/ml) and a 10 times excess of unlabeled PEG. In most experiments, 10 mM glucose was added. After incubation at 37 °C for 15 min, 1 ml samples, in duplicate, were pipetted onto the surfaces of silicone oil (0.3 ml) in 1.5 ml plastic microfuge tubes and centrifuged at 12 800 × g for 2 min. Under these conditions, the cells pass through the silicon oil forming a pellet at the bottom of the tube and an aqueous phase above the silicone oil. After samples of the aqueous phase were withdrawn for radioactivity, the aqueous and silicone phases were removed by suction and the tips of the centrifuge tubes (containing the cell pellets) were cut off and radioactivity counted. The 3H-labeled water readings were taken as a measure of total pellet water and, as the cells were impermeable to PEG, the 14C-PEG readings were taken as a measured of extracellular space. In most experiments, the extracellular PEG space was approximately 30% of the total pellet water. The intracellular water volume was calculated by subtracting the PEG space from the total water space.
ApH and Aq~ were calculated as previously described [12] from the partition of radioactive markers between the intra-and extracellular water. For ApH, either 14C-labeled benzoic acid or 140 labeled methylamine were used, whereas for A+, [3H]-tetraphenylphosphonium (TPP +) plus unlabeled TPP + (8 #M) were utilized. All partition experiments were performed in 250 mM NaC1 solution containing 10 mM glucose and 25 mM Tris-Mops buffer adjusted to various pH values.
Fluorescence measurements
An acridine orange fluorescence assay was utilized to determine the proton permeability of A. laidlawii cells and membrane vesicles. An imposed A pH was created by the ammonium chloride prepulse procedure previously described [13, 14] . In brief, NH4 ~ was accumulated in A. laidlawii intact cells or sealed membrane vesicles by incubating in 0.25 M NH4C1 in 10 mM Tris-HC1 buffer (pH 7.5) containing 2.5 mM MgC12 at 37°C for 1-2 h. The ApH was generated by 100 fold dilution of the NH~--loaded cell or vesicle preparation into 0.25 M choline chloride in 10 mM Tris-HC1 (pH 8.1) containing 2.5 mM MgCI 2 and 5 #M acridine orange and was visualized by following the decrease in fluorescence.
Cation/H + exchange activity was estimated from the increase in fluorescence following addition of the cation. Fluorescence was measured with a Perkin-Elmer spectrofluorometer with excitation at 492 nm and emission at 530 nm.
RESULTS AND DISCUSSION
Sealed membrane vesicles from A. laidlawaii
It is a general belief that when cell membranes of mycoplasmas are isolated, they do not form sealed vesicles, as do those from many bacteria [1, 9] . Sealed membrane vesicles were recently obtained, however, by fusing M. gallisepticum membranes with asolectin-cholesterol vesicles [15] .
In the present study, sealed membrane vesicles were obtained by lysing A. laidlawii cells by the glycerol lysis procedure [9] . Cells were preloaded with glycerol and then diluted into GT buffer. The sealed nature of the membrane vesicles was evident from trapping of [a4C]-glucose of [14C]-sucrose within the vesicles. According to the trapped radioactivity, a water volume of 10+2 /~1 per mg of membrane protein was calculated. As the free water volume of A. laidlawii cells is 3.7 #1 per mg of cell protein and membrane protein constitute about 30% of the total cell protein fraction [9] , it seems that at least two thirds of the isolated membrane fragments are sealed. Additional evidence for the sealed nature, as well as for the leakiness of the A. laidlawii membrane vesicles to protons, was obtained by showing that a A pH could be generated in the membrane vesicles by equilibrating the vesicles with NH4C1 and diluting them into a NH4C1 free buffer containing 250 mM choline chloride. The Z~pH was produced by the dissociation of NH] to NH 3 and H + and the passive diffusion of NH 3 out of the cells [14] . The ApH was visualized from the quenching of the weak base acridine orange (Fig.  1) . Proton leakiness from the vesicles was estimated from the rate of acridine orange dequenching. As is apparent from Fig. 1 , the leakiness of protons varied between membrane vesicles prepared from acetate-grown cells and those prepared from propionate-grown cells. These cells differ from each other mainly in their carotenoid content (Table 1 and [16] ). Low leakiness was observed with carotenoid rich membrane preparations obtained from acetate-grown A. laidlawii cells, whereas high leakiness was observed with carotenoid poor membranes obtained from propionate-grown cells (Fig. 1) . The apparent effect of the carotenoids on proton leakiness may be associated with the marked effect of membrane a Cells were grown in 1 liter volumes of a modified Edward medium [9] containing 4% horse serum. In some cases, the medium was supplemented with 0.5% of either Na-acetate or Na-propionate. b Absorbance at 438 nm x 1000 per mg cell protein.
carotenoids on the packing of the hydrocarbon chains of membrane phospholipids. Carotenoids were shown to restrict the freedom of motion of spin-labeled fatty acids in A. laidlawii membranes in a similar way to the restriction obtained by cholesterol [16] .
Cation/H + exchange activity in intact cells and sealed membrane vesicles of A. laidlawii
The effect of monovalent cations on the imposed ApH created in intact A. laidlawii cells is shown in Fig. 2 . Whereas the fluorescent signal was not affected upon the addition of KC1 to the cells (Fig. 2B) , fluorescence was slightly enhanced upon the addition of NaC1 (Fig. 2C ) and most markedly enhanced upon the addition of both KC1 and NaC1, thus indicating a decrease in pH due to the activity of a cation/H + exchanger. Similar fluorescence enhancements were observed when the addition of Na + followed the addition of K + (Fig. 2C) or when Na + was added first ( 2E). LiC1 could not replace NaC1 and RbC1 could not replace KC1 in the exchange system. These results suggest that under the described experimental conditions (intact cells, acidic intracellular pH), there is a strong cation/H + exchange activity. To further study the exchange activity, a pH was imposed on sealed A. laidlawii membrane vesicles and the effect of NaC1 and KC1 on the fluorescent signal of acridine orange was studied. Fig. 3 shows that the addition of NaC1 alone (final concentration of 2.5 mM) to a sealed membrane vesicle preparation, where a substantial zlpH was already generated, rapidly collapsed the fluorescent quenching in a similar way to the collapse obtained with nigericin (2 /~M) in the presence of 2.5 mM KC1 (not shown). With the membrane vesicles however, HC1, either alone or when added following or preceding the addition of NaC1, had no effect on the fluorescent dequenching. The Na+/H + exchange activity in sealed A. laidlawii membrane vesicles was inhibited by N-ethylmaleimide (10 mM), but was not affected by dicyclohexylcarbodiimide (25 ~M) or amiloride (10 /~M), known to affect Na+/H + antiporter in eukaryotic systems [17] . The results obtained with the membrane vesicles strongly support a Na +/H + exchange activity in A. laidlawii cells. The requirements for both Na + and K + for the exchange in intact cells is very intriguing and the the mechanism by which this cooperativity occurs remains to be defined. In principal, this phenomenon may be due to the participation of both K + and Na + in proton translocation across the membrane, or the influence of K + on the transmembrane electrical potential (A~) that may be required for translocation of Na +. The latter possibility is unlikely in view of our finding that the lipophilic cation TPP + (100 mM) know to collapse Aq~, had no effect on the cation/H + exchange activity in intact A. laidlawii cells.
The possible physiological role of the cation / H + exchanger
A. laidlawii is a fermentative mycoplasma that procedure large amounts of acid during sugar fermentation [1] . Whereas fermentative Mycoplasma species (i.e.M. capricolum [18] grew well at pH values in the range of 7.5-6.0, and only a decrease in the pH to less than 6.0 caused a cessation of growth. A. laidlawii grew best in a slightly alkaline medium (pH 8.5). Growth of A. laidlawii was slowed down or even ceased when the pH of the medium dropped to 7.2-7.4. As a mechanism for pH homeostasis was found in many bacteria [14, [19] [20] [21] , the inability of A. laidlawii to grow at low pH values may suggest that the cells are incapable of maintaining a ApH at the acidic pH range. Supporting this notion are the results presented in Fig. 4 showing that in energized A. laidlawii cells, no A pH was detected at the external pH range of 6.5-7.5, whereas with control M. gallisepticum cells, a pronounced A pH was monitored. At the more alkaline pH range (pH 8.0-8.5), a 3pH of 0.2-0.6 was monitored in A. laidlawii cells, but not in M. gallisepticum cells. In alkalophilic bacteria, a Na+/H exchanger is involved in regulation of cytosolic pH [21] . A cation/H + exchanger has also been implicated in regulating cytosolic pH in E. coli at the more alkaline pH range [19] . The possibility that the Na+/H + exchanger of A. laidlawii is involved in pH homeostasis at the alkaline pH range is therefore intrigu- ing. Nevertheless, as the pH observed at the alkaline pH range was only partially collapsed by CCCP (Fig. 4) , it seems that H+-accumulation is due in part to a CCCP-resistant z~+. Extremely low Aqj levels of 23-26 mV were measured in the present study in A. laidlawii cells using the partition of the lipophilic TPP + ion. Similar Aq~ values were recently reported by others [22, 23] .
